ABSTRACT Long known to be an unusual early-type star by virtue of its hard and strong X-ray emission, τ Scorpii poses a severe challenge to the standard picture of O-star wind-shock X-ray emission. The Chandra HETGS spectrum now provides significant direct evidence that this B0.2 star does not fit this standard wind-shock framework. The many emission lines detected with the Chandra gratings are significantly narrower than what would be expected from a star with the known wind properties of τ Sco, although they are broader than the corresponding lines seen in late-type coronal sources. While line ratios are consistent with the hot plasma on this star being within a few stellar radii of the photosphere, from at least one He-like complex there is evidence that the X-ray emitting plasma is located more than a stellar radius above the photosphere. The Chandra spectrum of τ Sco is harder and more variable than those of other hot stars, with the exception of the young magnetized O star θ 1 Ori C. We discuss these new results in the context of wind, coronal, and hybrid wind-magnetic models of hot-star X-ray emission.
introduction
The surprising discovery of X-ray emission from OB stars by the Einstein satellite in the late 1970s (Harnden et al. 1979 ; and anticipated by UV superionization observations [Cassinelli & Olson 1979] ) is now a 25-year-old mystery. Because magnetic dynamos and the associated coronal X-rays were not believed to exist in hot stars, alternative models have been sought since the discovery of X-rays from hot stars. Most of these center on some type of wind-shock mechanism that taps the copious energy in the massive radiation-driven winds of hot stars (Lucy & Solomon 1970; Castor, Abbott, & Klein 1975, hereafter CAK) . Wind-shock models, especially the line-force instability shock model (Owocki, Castor, & Rybicki 1988; , have become the favored explanations for the observed OB star X-ray properties.
However, various pieces of evidence have recently emerged indicating that magnetic fields exist on some hot stars (Henrichs et al. 2000; Donati et al. 2001 Donati et al. , 2002 . There is also mounting evidence that the standard windshock scenario is inadequate for explaining the observed levels of X-ray production in many B stars (Berghöfer & Schmitt 1994; Cohen, Cassinelli, & MacFarlane 1997a; Cohen, Cassinelli, & Waldron 1997b) , and perhaps in some O stars as well (Schulz et al. 2001; Miller et al. 2002) , leading to a revival in the idea that some type of dynamo mechanism might be operating on hot stars. Theoretical investigations of magnetized OB stars have followed (Charbonneau & MacGregor 2001; MacGregor & Cassinelli 2002) , including studies of hybrid wind-magnetic models (Babel & Montmerle 1997; udDoula & Owocki 2002; Cassinelli et al. 2002) .
Discriminating between the two broad pictures of X-ray emission in hot stars (magnetic coronal vs. wind shock) has been very difficult during the era of low-resolution Xray spectroscopy. But with the launch of Chandra in 1999, a new, high-resolution window has opened, and we can now apply quantitative diagnostics in our attempts to under-1 stand the high-energy mechanisms operating in the most massive and luminous stars in our galaxy.
Coronal heating mechanisms are complex and, even in our own Sun, not fully understood. Their possible application to hot stars is certainly not clear, even in those hot stars for which magnetic fields have been detected. However, we can assume that any type of coronal X-rayproduction mechanism involves the confinement of relatively stationary hot plasma near the photosphere. This is in contrast to wind shocks, which, whatever their nature (and many different specific models have been proposed), involve low-density hot plasma farther from the photosphere and moving at an appreciable velocity. This broad dichotomy naturally leads to several possible observational discriminants that might be implemented using high-resolution X-ray spectroscopy. These include the analysis of line widths (or even profiles), which could reflect Doppler broadening from the bulk outflow of winds (which in normal OB stars have terminal velocities of up to 3000 km s −1 ) and emission-line ratios that are sensitive to density, the local radiation field, or (unfortunately) in some cases, both. There are numerous other spectral diagnostics available, including temperature-sensitive line ratios, spectral signatures of wind absorption, time variability of individual lines, and differential emission measure (DEM) fitting (multiline plus continuum global spectral modeling of X-ray emission from plasma with a continuous distribution of temperatures). All of these can be useful for determining the physical properties of the hot plasma on OB stars, and, ultimately for constraining models, but none can provide the same level of direct discrimination between the wind-shock and coronal scenarios as line profiles and ratios.
In this paper we report on the very high signal-to-noise, high-resolution Chandra HETGS spectrum of the B0.2 V star τ Sco. We chose to observe this particular hot star because it is one of the most unusual single hot stars, with indications already from various low-resolution Xray observations that its X-ray properties are extreme and present a severe test to the standard wind-shock scenario. As such, it makes an interesting contrast to the five single O stars that have been observed at high resolution with Chandra and XMM up to this point. In fact, some of the unusual properties of τ Sco (discussed below in §3) have already inspired the development of alternate models of X-ray production, notably including the "clump infall" model of Howk et al. (2000) . In this scenario overdense regions condense out of the wind, and the reduced line force due to the increased optical depth in the clumps results in these clumps falling back toward the star, generating strong shocks via interactions with the outflowing mean wind.
observations
The data presented in this paper were taken between 2000 September 17 and 18, over two different Chandra orbits, with an effective total exposure time of 72 ks. We used the ACIS-S/HETGS configuration and report on the medium-energy grating (MEG) and high-energy grating (HEG) spectra, although we concentrate primarily on the MEG 1st order spectrum, which contains a total of 19348 counts (while the HEG 1st order spectrum has 5230 total counts). We extracted and analyzed the spectra with CIAO tools (Version 2.1.2), including the SHERPA modelfitting engine. We used the CALDB libraries, Version 2.6, and the OSIP files from 2000 August to build auxiliary response files and grating response matrices. We fit lineprofile models using SHERPA, but astrophysical modeling of the spectral data took place outside of the CIAO environment with a custom non-LTE spectral synthesis code, described in section 5.2.
3. the star, τ Sco A member of the upper Sco-Cen association and a Morgan and Keenan system standard, the B0.2 V star τ Sco has been the subject of much study over the past several decades. At a distance of 132 ± 14 pc (Perryman et al. 1997) , this m v = 2.8 star is closer to the Earth than any hotter star. It has an effective temperature of 31, 400±300 K and log g = 4.24 ± .03 (Kilian 1992) . UV observations show evidence for a wind with a terminal velocity of roughly 2000 km s −1 (Lamers & Rogerson 1978) . The mass-loss rate is difficult to determine because of the uncertain ionization correction, but it seems consistent with the theoretically expected value ofṀ ≈ 10
(calculations based on Abbott 1982) . Published values based on UV absorption lines (e.g., Lamers & Rogerson 1978 ) and a recently determined upper limit based on IR emission lines (Zaal et al. 1999 ) are roughly half this value. These wind properties contrast with those of the prototypical early O supergiant ζ Pup, which has a mass-loss rate at least 100 times larger (because of its significantly larger luminosity). Chandra HETGS observations of ζ Pup were recently reported by Cassinelli et al. (2001) , and clear signatures of the stellar wind (broadening and absorption effects) are seen in those data. There are several unusual properties of τ Sco that might be relevant for our attempts to understand its X-ray properties: (1) It has a quite highly ionized wind, since the star is the coolest to show O VI in its COPERNICUS spectrum (Lamers & Rogerson 1978) . (2) The wind is also stronger than normal for the star's spectral type (Walborn, Parker, & Nichols 1995) . (3) It has a very low v rot sini of 10 ± 5 km s −1 (Wolff, Edwards, & Preston 1982) . (4 in some of the higher ionization UV lines (which also show much more extended blue absorption, as one would expect; Lamers & Rogerson 1978) . (5) It is extremely young; perhaps being only 1 million years on the main sequence (Kilian 1994) . (6) It shows unusually strong photospheric turbulence, as seen in optical and UV absorption lines (Smith & Karp 1979) and in the IR (Zaal et al. 1999) .
In addition to these properties, it is already known from Einstein, ROSAT , and ASCA measurements that τ Sco has an unusually hard X-ray spectrum and a high X-ray luminosity (Cohen et al. 1997a (Cohen et al. , 1997b . It is this fact, along with the redshifted UV absorption (item 4 above), that prompted Howk et al. (2000) to develop their model of infalling clumps for τ Sco.
Many of these properties have been cited as evidence that τ Sco may not fit into the usual wind-shock picture of hot star X-ray production, or at least that its wind emission mechanism may be modified by the presence of a magnetic field or perhaps involve some other, less stan-dard, wind-shock model. We address these issues in detail in the next sections.
the data
The overall quality and richness of the Chandra HETGS data can be seen in the MEG first-order spectrum shown in Figure 1 . There are numerous lines present in this high signal-to-noise spectrum, and they are much better separated than in any of the other hot stars thus far observed (because of the small wind broadening seen in τ Sco compared to these stars). In Figure 2 we show a portion of the MEG spectrum, centered on the neon Lyα line, compared with data from ζ Pup and Capella, a typical O supergiant wind source and a late-type coronal source, respectively. It is immediately obvious that τ Sco is superficially more similar to Capella than to ζ Pup.
To quantify the properties of the spectrum, we fitted every strong line with a simple model (Gaussian plus a polynomial for the nearby continuum), providing values of the line flux, characteristic width, and central wavelength. We employed the appropriate spectral response matrices in these fits, so the derived line widths are intrinsic and do not include instrumental broadening. When there was sufficient signal, we fit the MEG and HEG data simultaneously. These results are summarized in Table 1 , with the several strongly blended spectral features listed in Table  2 . The astrophysical analysis of these data is presented in §5.
Time variability properties of τ Sco are also of interest in discriminating between the two primary X-ray-production mechanisms. In Figure 3 we show a lightcurve formed of all the photons in the -1,-2,-3,+3,+2,+1 orders of both the MEG and the HEG. The bins are 1000 seconds in length. The data are not consistent with a constant source (at P > 99.99 %), but no large flare-type events, with a sudden increase in flux followed by a gradual decline back to the basal level, are seen. The standard deviation of the data is slightly less than 10 % of the mean. Only one individual line feature, the oxygen Lyα line near 19Å, shows evidence of significant variability. Its lightcurve is shown in Figure 4 . We tested other strong lines, and only the Fe XVII line at 15.01Å shows even marginal variability.
5. the x-ray diagnostics and analysis
Line Widths
The emission lines of τ Sco are obviously narrow compared to the same lines observed in hot-star wind X-ray sources like ζ Pup, but how intrinsically narrow are they? Might they be no broader than thermal broadening would dictate? To answer these questions, we fitted Gaussian line models, convolved with the instrumental response function, so the width of the model Gaussian reflects the actual width of the emitted line. We do not know what actual line profile shape is warranted, but because the Gaussian model is simple and relatively general and the observed line broadening is not dramatic, we did not attempt to fit other profile shapes.
The line widths-half-width at half maximum (HWHM)-listed in Table 1 generally exceed by a factor of about 3 those expected from thermal broadening (assuming a temperature equal to that at which the emissivity for a given line peaks). In addition, fits we performed to Capella and AB Dor (both late-type coronal sources) using the same procedures found narrower lines (consistent with thermal broadening) than we found for τ Sco. In Figure 5 we show the Ne X line of τ Sco in the MEG, along with an intrinsically narrow line (Gaussian model with σ = 0; i.e. a delta function) convolved with the instrumental response. The data clearly are broader than the model. We also note that some of the features in the spectrum are doublets. We generally fitted these with single-Gaussian models. In each case in which we fitted a doublet with a single-line model, the separation of the two components of the doublet was far less than the typical (and derived) line width. Thus the derived line widths using this procedure are only marginally elevated because of the blended doublet.
The velocities of most of the lines in the HETGS spectrum of τ Sco are a few hundred km s −1 (HWHM), which, while greater than the thermal velocity, is significantly less than the wind terminal velocity. The X-ray line velocities seen in τ Sco are thus larger than those in coronal sources and smaller than those in wind sources, a trend that is shown in Figure 6 , and importantly, the velocities derived for the wind of τ Sco are significantly less than what would be seen if the X-ray-emitting gas had the same velocity distribution as the UV-absorbing gas.
The mean HWHMs of the strongest, unblended lines are roughly 300 km s −1 , or 15% of the terminal velocity of the wind of τ Sco (see Fig. 7 ). There is a slight trend of decreasing line width with wavelength, which is the opposite of what is seen in the O stars (Kahn et al. 2001; Cassinelli et al. 2001; Miller et al. 2002) . In the O stars, the trend of increasing line width with wavelength can be understood in terms either of temperature stratification (lower temperature plasma farther out in the wind, traveling at higher velocities) or an absorption effect (low energies are preferentially attenuated, so these lines tend to be broader because only photons from the outer wind, where velocities tend to be high, can escape). The lack of such a trend in τ Sco might be evidence of the lack of any wind continuum absorption effects on the observed spectral lines. The wind is expected to be optically thin down to r 1.5 R * near 0.5 keV and effectively completely optically thin at photon energies of 1 keV and above.
Radiation-Sensitive Line Ratios
The He-like forbidden-to-intercombination line strength ratio is known to be sensitive to the local mean intensity of the UV radiation field (Gabriel & Jordan 1969; Blumenthal, Drake, & Tucker 1972; Kahn et al. 2001) . If the photospheric flux is strong enough, then electrons can be radiatively excited out of the metastable upper level of the forbidden line ( 3 S 1 ) to the upper level of the intercombination line ( 3 P 1,2 ), weakening the forbidden line and strengthening the intercombination line. Thus a measurement of the f/i ratio [using the more standard spectroscopic notation, z/(x + y)], potentially yields the radius of the X-ray emitting plasma (via sensitivity of the mean intensity to the dilution factor). This assumes that we know or can ignore limb darkening and other geometrical effects and that we know the UV luminosity of the star at the relevant wavelengths.
More traditionally, this line ratio has been used as a density diagnostic in coronal sources (where, because of the low temperature of the stars, very little UV radiation is present). Of course, in hot stars, this line ratio is still sensitive to density (via collisional excitation between the same two levels described above). However, the densities that would be required to explain the small observed f/i values are very large, while the radiation field requirements are much more reasonable.
In order to extract information from these line ratios, we model the oxygen, neon, magnesium, and silicon excitation/ionization using NLTERT, a non-LTE radiation transport and statistical equilibrium code (described in MacFarlane et al. 1993; MacFarlane, Cohen, and Wang 1994) . We use a Kurucz model atmosphere, constrained by observational data in the spacecraft UV (relevant for O and Ne), but unconstrained by direct observation in the far-UV (Mg) and extreme-UV (EUV) (Si and S). We note that the model atmosphere fluxes are sensitive to the adopted temperature only in the EUV, in which a change of 1000 K can lead to about a factor of 2 change in emergent flux.
The Heα line complexes are shown in Figure 8 . When the metastable level is neither collisionally nor radiatively destroyed (i.e., the "low-density limit"), the forbidden lines tend to be about a factor of 3 stronger than the intercombination lines. We can see in the figure that the forbidden line is heavily affected in oxygen and neon, less so in magnesium, and less still in silicon. The S XV data are marginal, but are shown for the sake of completeness. In Figure 9 we show the results of our model calculation for He-like magnesium. Note that we model the effects of both radiation and collisions (i.e., showing both the radial sensitivity and the density sensitivity) in these calculations. Similar calculations were carried out for the He-like features for the other four species. The results of these calculations and the constraints they imply for the location of the X-ray emitting plasma are summarized in Table 3 . The quoted errors on the determinations of the radii of line formation include statistical errors only. The uncertainties in the atmosphere model and the associated UV luminosity will certainly affect the results for Si XIII (and S XV) more than for the other three line ratios. For example, if the flux were actually twice as high as in the model atmosphere, then the lower limit to the radius of line formation would move out from r = 1.1 R * to almost 1.5 R * .
We also point out that, where other lines were present (primarily iron lines near the neon complex), we fitted them at the same time we fitted the He-like features, and upper limits to the nondetected forbidden lines were determined by fitting a Gaussian model with its centroid position fixed at the laboratory wavelength and its width fixed at the value derived for the corresponding He-like resonance line.
In general, it can be seen that most of these line ratio diagnostics are consistent with the X-ray emitting plasma being within several stellar radii of the photosphere. The oxygen and sulfur complexes do not really provide interesting constraints, as they are consistent with the X-ray emitting plasma being either right above the photosphere or far out in the wind flow. The neon ratio implies that the plasma giving rise to this complex is within a stellar radius of the photosphere, but confusion and blending with nearby iron lines may make this result somewhat less firm than the formal errors imply. The strongest constraints are provided by the Mg XI and Si XIII features. The Mg XI f/i ratio requires the X-ray emitting plasma be at least 1.6 R * above the photosphere (but no more than 1.9 R * ). The Si XIII f/i ratio indicates that the hotter plasma giving rise to this feature is closer to the star, a trend that is also seen in the O stars observed with Chandra Cassinelli et al. 2001; Miller et al. 2002) .
Finally, we note that the intercombination line fluxes exceed the resonance line fluxes in the case of oxygen and neon. While the intercombination line strength is generally expected to be less than that of the resonance line in collisional plasmas, the observed G ratios ((i + f )/r) for these complexes are not inconsistent with a collisional plasma, since the enhanced intercombination line flux comes at the expense of the weakened forbidden line (Pradhan & Shull 1981) .
Density-Sensitive Line Ratios
While the helium-like forbidden-to-intercombination ratios are sensitive to both density (via the collisional destruction of the 3 S level) and the local radiation field (through photoexcitation from the same level), we have argued in §5.2 that in hot stars like τ Sco, the ratio is dominated by radiative effects. This, of course, makes them relatively useless as density diagnostics, although, for He-like ions for which the forbidden line is strong, an upper limit can be placed on the density of the X-rayemitting plasma (as well as on the local value of the mean intensity). The He-like complexes we observe imply upper limits of n e ≈ 10 13 -10 14 cm −3 . It is possible to determine an upper limit for the density via the Fe XVII 17.10-to-17.05Å line ratio. The upper level of the 17.10Å line is metastable, and so this ratio is density sensitive with a critical density of about n e ≈ 10 14 cm −3 (Mauche, Liedahl, & Fournier 2001) , but the energy spacing of this deexciting transition is larger than that for the He-like diagnostics, so that photoexcitation requires a photon with a wavelength below 400Å. Thus, for all practical purposes, in a B star this diagnostic is not sensitive to photospheric UV photoexcitation. In the HETGS spectrum of τ Sco, we see the 17.10-to-17.05Å ratio in the low-density limit. Thus there is no evidence for very dense (n e 10 14 cm −3 ) X-ray emitting plasma on τ Sco.
Line Centroids
In fitting the lines in the grating spectrum, we allowed the line centroid wavelength to be a free parameter. These results, along with line strengths and widths, are listed in Table 1 . Although each individual line centroid is roughly consistent with the laboratory value of the wavelength, when taken as a whole, there is the potential to see an aggregate wavelength shift in the ensemble of lines. We calculated the weighted mean centroid velocity for the roughly two dozen strongest unblended lines and found a value of v centroid = 14 ± 61 km s −1 (see Fig. 10 ). The heliocentric correction actually shifts this number to the blue by about −27 km s −1 , making the heliocentric weightedmean line centroid velocity −13 ± 61 km s −1 . Thus, there is no direct evidence for redshifted emission that might be expected from the shocking of infalling clumps, as in the Howk et al. (2000) model, which could be associated with the wind component that gives rise to the observed redshifted UV absorption. We cannot, however, rule out redshifted X-ray emission with net velocities of the order of 100 km s −1 .
Temperature Distribution in the Hot Plasma
We are deferring detailed DEM modeling of the global HETG spectrum to a future paper. The three-temperature MEKAL (Mewe, Kaastra, & Liedahl 1995) collisional equilibrium model that fitted the ASCA spectrum of this star (Cohen et al. 1997b) , does an adequate job of matching the gross properties of the HETGS spectrum. Of course, with the vast increase in spectral resolution with Chandra, this model does not fit in detail. However, it is clear that a detailed, global fit to the spectrum will not drastically alter the results from the fit to the ASCA spectrum. One question left open by the analysis of the medium-resolution ASCA data is the extent to which the high-temperature component of the spectrum is present, in terms of both the overall emission measure of the hot component and the actual maximum plasma temperature.
We find no obvious evidence for plasma with temperatures above the 27 MK lower limit to the hottest temperature component that was found in the ASCA spectrum, and in fact, our detection of the S XV feature, which is relatively prominent in the ASCA spectrum, is quite marginal in the HETGS spectrum. This is perhaps not surprising, however, given the much lower detector effective area available with HETGS + ACIS-S compared to ASCA Solid-State Imaging Spectrometer.
We have made a rough assessment of the temperature distribution implied by the H-like to He-like line ratios from O, Ne, Mg, and Si. We modeled these ratios using the same NLTERT non-LTE ionization/excitation code (MacFarlane et al. 1993 ) that we used to model the He-like f/i ratios. The best-fit temperature for each of these ions can be determined from the observed line ratios under the assumption of coronal equilibrium. We found temperatures ranging from less than 3 MK for oxygen to slightly more than 10 MK for the silicon. This is in agreement with the expectations from the off-the-shelf collisional equilibrium codes, such as APEC (Smith et al. 2001) , and it represents a wider temperature range than is seen in the O stars ζ Pup and ζ Ori based on this same diagnostic. Of course, the presence of a wide range of plasma temperatures is not surprising, and by itself is not a strong discriminant among the various physical models of X-ray production in hot stars.
Finally, the wavelength region between 10Å and 12 A contains several lines from high ionization stages of iron, including Fe XXIII at 11.02Å and 11.74Å and and Fe XXIV at 10.62Å. The equilibrium temperatures of peak emissivity of these lines are roughly 20 MK (APED; Smith et al. 2001) . These lines are quite strong in the spectrum of τ Sco. Of the other hot stars observed thus far with Chandra HETGS, only θ 1 Ori C shows these features as strongly as does τ Sco. Thus, there is evidence in the Chandra spectrum of τ Sco for a not-inconsequential amount of very hot plasma, qualitatively confirming the earlier ASCA results, and demonstrating a similarity between τ Sco and θ 1 Ori C that sets both of these young hot stars apart from the more standard O supergiants.
Time Variability
Active coronal sources, including pre-main-sequence stars, show frequent and strong flaring activity, often in conjunction with very high plasma temperatures (e.g., AB Dor: Linsky & Gagné 2001; pre-main-sequence stars: Montmerle et al. 2002) . Wind-shock sources show very little variability, and whatever variability is seen has been interpreted as being stochastic and reflecting a Poisson statistical description of the number of individual sites of X-ray emission within the wind (Oskinova et al. 2001) . Variability levels of 10%, as are seen in the Chandra spectra of τ Sco, could then be interpreted as an indication that there are roughly 100 individual sites of X-ray emission at any given time on this star. Of course, arguments about characteristic timescales (of, e.g., cooling), as well as the evolution of the physical properties of individual emission sites, have a bearing on the details of this interpretation.
Our detection of variability in the oxygen Lyα line at 18.97Å, but in no other line, could indicate that the relatively cooler gas that gives rise to this feature has a more variable emission measure than do other lines, and thus O VIII might be present in fewer discrete sites within the X-ray emitting region, whether it is wind shocks or magnetically confined coronal plasma. It could, on the other hand, be an indication that the level of absorption by the overlying cool wind is variable. The long-wavelength lines like O VIII are the most likely lines to be subject to wind absorption. However, the expectation is that there is very little continuum absorption of the X-rays in a hot star like τ Sco, which has a relatively low-density wind. We note that there is enough signal in several other lines (Si XIII, Mg XI, several Fe XVII lines, for example) that variability at the level seen in the O VIII line would be detected if it were present. We also note that the time dependence of the variability in this line tracks the overall X-ray variability in the spectrum as a whole and also that the even longer wavelength lines of O VII and N VII do not have enough signal for any variability to be detected.
discussion
The qualitative impression one gets from comparing the HETGS spectrum of τ Sco to that of other stars is that this early B star has more in common with late-type coronal X-ray sources than with early-type wind sources. This impression is borne out primarily in the analysis of the line widths. The emission lines are indeed narrow, although they are not as narrow as the same lines seen in Capella and AB Dor. The bulk flow velocities derived from these lines, while supersonic, are only 10% -20% of the wind terminal velocity.
If embedded in a standard CAK wind, the X-rayemitting regions would have to be within just a few tenths of a stellar radius from the photosphere based on the observed line widths. However, the He-like f /i ratios put constraints on the proximity of the X-ray emitting plasma to the photosphere. These results are consistent with a height of 1R * -2R * (2R * < r < 3R * ), and for Mg XI the plasma must be at least 1.6 R * above the photosphere. There is thus a contradiction, that would seem to imply the presence of hot plasma out to a few stellar radii above the surface of τ Sco, but moving with very small (but nonzero) line-of-sight velocity. This picture is inconsistent with standard wind-shock scenarios (which seem to apply to O supergiants like ζ Pup) in which hot plasma is embedded within the massive line-driven wind. Our data show lines far too narrow for this to be the case. A similar situation is seen in the O9.5 star δ Ori, though the emission lines in that star are significantly broader than what is seen in the spectrum of τ Sco .
It is also difficult, however, to reconcile these data with a generic, solar-type picture of magnetic X-ray activity, in which small magnetic loops confine plasma heated by magnetic reconnection and the deposition of mechanical energy. In this picture, the plasma would be closer to the UV-bright photosphere of τ Sco than can be accounted for by the observed f /i value for magnesium. Furthermore, we see no evidence for coronal X-ray flaring in our data. It is conceivable that relatively stable, large scale magnetic loops could exist on the surface of τ Sco, with hot plasma confined at the tops of the loops, several stellar radii from the surface, but the standard picture of energetic, relatively small spatial scale magnetic activity, as seen in the sun, is not consistent with these observations of τ Sco.
One scenario that could explain the two primary results from the analysis of the Chandra HETGS spectrum of τ Sco is the "clump infall" model (Howk et al. 2000) , which was put forward to explain the hard ASCA spectrum and the redshifted UV absorption features seen in this star. In this model it is assumed that density enhancements ("clumps") form in the wind of a hot star. The authors explored the dynamics of such clumps under the combined influence of radiation driving, gravity, and wind drag. They found that for the parameters appropriate to τ Sco, such density enhancements stall at heights of several stellar radii, and fall back toward the star. A bow shock would develop around each clump, leading to strong shock heating and presumably hard X-ray emission. The infalling clumps then also explain the observed redshifted UV absorption features. Since the outflowing wind, when it passes through the shock front associated with one of these density enhancements, would be slowed by a factor of 4, this scenario provides a means for explaining the lack of strong line-broadening seen in our Chandra spectrum, and the heights at which these clumps stall are consistent with the He-like f/i ratios. It should be stressed, however, that Howk et al. (2000) present no specific mechanism for the condensation of these density enhancements out of the wind.
The relative youth of τ Sco (Kilian 1994 ) has suggested that a fossil magnetic field may be present in this star. The very low projected rotational velocity is also consistent with magnetic spin-down (or, of course, with a pole-on viewing angle). Recent modeling of radiation-driven winds in the presence of a dipole magnetic field (Babel & Montmerle 1997; Donati et al. 2002; ud-Doula & Owocki 2002) has suggested another scenario that may also be relevant for τ Sco and could explain the formation of density enhancements at several stellar radii in this star's wind. The magnetically confined wind shock (MCWS) model predicts the confinement of the stellar wind by a strong enough dipole field and the subsequent shock heating of wind material trapped in the field and forced to collide at the magnetic equator. In the case of τ Sco, a field of less than 100 G is required to provide the necessary confinement (ud-Doula & Owocki 2002) . This model has been successfully applied to θ 1 Ori C (Donati et al. 2002) , which is a very young O star with X-ray properties similar to those of τ Sco.
Dynamic simulations have shown that plasma in the post-shock region in the MCWS model can eventually fall back toward the star when it can no longer be supported by radiation pressure and magnetic tension (ud-Doula & Owocki 2002) . By coupling this mechanism to the Howk et al. (2000) scenario, we may have a self-consistent, physical picture of the strong shock heating of wind plasma, in a nearly stationary equatorial zone, at a height of several stellar radii, with periodic infalling of material. We await dynamical simulations of this particular star in order to make quantitative comparisons with our observational data. In addition, synthesis of X-ray line profiles from the dynamical simulations would be very important, since it is not clear if the specific observed small line widths can be produced within this context.
The other properties we derived from the τ Sco HETGS spectrum can perhaps also be explained in this scenario of magnetic wind shock heating and confinement combined with the infall of density enhancements in the wind. The high plasma temperatures are naturally explained by the large shock velocities inherent in the collision between the fast stellar wind and the equatorial shocked disk (as well as with the infalling clumps).
The lack of very dense plasma argues against very dense coronal-type magnetic structures near the photosphere, although some level and type of coronal heating mechanism is certainly not ruled out. In fact, recent work (Charbonneau & MacGregor 2001; MacGregor & Cassinelli 2002) suggests that a dynamo mechanism could be operating in the interiors of normal OB stars and that if a means of bringing the dynamo-generated magnetic fields to the surface could be identified, then solar-type coronal activity on hot stars may be quite plausible. The modest time variability seen in the Chandra spectrum is more significant than that seen in O stars that are supposed to be wind X-ray sources. This variability level (rms variations at the 10% level) may simply be indicative of a relatively small number of sites of X-ray production on τ Sco as compared with O stars showing a more standard mode of wind-shock X-ray production (Oskinova et al. 2001) , and no large flare events were seen in this observation of τ Sco (or in any of the earlier X-ray observations of this star). Therefore, any coronal model applied to τ Sco would need to explain the high temperatures (presumably with a strong dynamo mechanism of some sort) but also the absence of frequent strong flaring. In addition, such a coronal mechanism would need to explain the presence of bulk plasma velocities of several hundred km s −1 , along with at least some X-ray-emitting plasma a significant height above the surface of the star.
In summary, the unusual X-ray properties of τ Sco, elucidated in great detail for the first time by the superior spectral resolution of the Chandra HETGS, now require detailed dynamical modeling in order to test the viability of the MCWS model, deduce the role of clump infall, and test the alternate scenario of dynamo activity. However, we can say with certainty that the standard picture of numerous shocks embedded in a fast stellar wind cannot explain the narrow X-ray lines and the formation heights of several stellar radii of the very hot X-ray emitting plasma on this young hot star. Note that the error bars shown here (Sherpa's "chi Gehrels" option) represent Poisson noise plus a constant. We used the Cash C statistic as our goodness-of-fit indicator, and this statistic does not make use of the formal errors. b The first quoted uncertainties are statistical and based on the fit of the Gaussian model, while the second quoted uncertainties are systematic and are based on the uncertainties in the laboratory rest wavelengths as compiled in APED.
c Temperature of maximum emissivity; from APED.
d Because the position and width of the Gaussian models were fixed for these lines, we do not list best-fit values or uncertainties for these quantities. a Wavelength of the 3 S − 3 P transition that depletes the upper level of the forbidden line and enhances the intercombination line.
